Artefacts and noise degrade the decoded image of a wavefront coding infrared imaging system, which usually results in the decoded image being inferior to the in-focus infrared image of a conventional infrared imaging system. The previous letter showed that the decoded image fell behind the in-focus infrared image. For comparison, a bar target experiment at temperature of ﹢20℃ and two groups of outdoor experiments at temperatures of ﹢28℃ and ﹢70℃ are respectively conducted. Experimental results prove that a wavefront coding infrared imaging system can achieve the decoded image being approximating to its corresponding in-focus infrared image.
INTRODUCTION
Infrared imaging systems are widely applied in the areas of military, space exploration and security surveillance [1, 2] . Currently, there are many approaches aiming to achieve the athermalization for infrared optical systems, such as the mechanically passive method, the mechanically active method, and the optical passive method [3] [4] [5] . Comparatively, a utilization of wavefront coding techniques to realize the athermalization has many merits including avoiding the use of exotic materials, loosening manufacturing tolerances of some optical and mechanical elements, and reducing time consumption of adjusting focus [6] . The research on wavefront coding techniques applied to the athermalization of infrared optical systems attracts much attention. Amid the attention, the capacity of a wavefront coding infrared imaging system to extend the depth of field is widely reported [1, 6] .
However, there are few reports about whether a wavefront coding infrared imaging system can achieve the decoded images approximating to in-focus infrared images. Theoretically, the wavefront coding infrared imaging system can break the diffraction limit and achieve the decoded image better than in-focus images of a conventional infrared imaging system [7] . Actually, a wavefront coding imaging technique is related to two stages of optical coding and digital decoding. The noise contained in a coded blurred image of a wavefront coding infrared imaging system is amplified in digital decoding processing [8] , which likely results in the decoded image being inferior to in-focus infrared images.
The previous experiment by Chen [9] showed that the image quality of the decoded image from a wavefront coding infrared imaging system fell behind that of the corresponding in-focus image from a conventional infrared imaging system. For comparison, a similar experiment is performed by means of our wavefront coding infrared imaging system.
EXPERIMENTS
For comparison, Fig.1 shows a wavefront coding infrared imaging system and a conventional infrared imaging system without an optical phase mask. Both of them have identically designed specifications except for the phase mask mounted, with a focal length f=65mm, F/1.0, a field of view (FoV) of 6×8 degrees, integrating with an uncooled, long-wave infrared FPA of 320×240 pixels on a 38um pitch. As shown in Fig.2 , an experimental setup for capturing in-focus infrared images is constructed. This device consists mainly of a conventional infrared lens, an LWIR uncooded detector, two manual translation stages, a motorized linear stage and some magnetic bases utilized to fix the optical imaging system. A coarse adjustment of the distance between the infrared optical system and LWIR detector is completed by a manual linear stage. An accurate adjustment is adjusted by a motorized linear stage made by Zaber technology Ltd. The motorized linear stage has a built-in controller by which the computer can control and acquire the position of the motorized linear stage in order to set and read the axial position of the infrared detector. The focal depth of our conventional infrared imaging system is about 22um. Therefore, the motorized linear stage is moved at a step of 5um for capturing in-focus infrared images.
In-focus images have shape edges. Therefore, the defocus infrared images are evaluated by the following expression [10] ,   
where ( , ) xy denotes the position of a pixel in an image and D represents the selected area for focus evaluation.
The procedure for capturing the in-focus infrared images is described as follows. Previously, a bar target observation experiment is conducted by Chen [9] . With the amplified noise and evident artefacts, the decoded image falls behind its corresponding in-focus image. With the help of the experimental setup in Fig.2 , experiments are conducted by our infrared imaging systems in this paper. In Fig.3 , the first-class bar target can be clearly observed in both the decoded image and the in-focus image. According to the principle of electro-optical test standards, the class-two bar target matches with the specifications of our infrared imaging system. As shown in Fig.3 , the second class bar target can be observed in both the in-focus image and our decoded image. It can be concluded that our wavefront coding infrared imaging system achieves the decoded image approximating to in-focus infrared images. For further verification, two groups of outdoor experiments at temperatures of ﹢28℃ and ﹢70℃ are respectively conducted in this paper. The raw data of in-focus images and decoded images are captured on August 20, 2014. The in-focus images, coded blurred images and decoded images linearly projected from 14 bits to 8 bits are respectively shown in Fig.4 and Fig.5 . Fig.4 is the experimental result at temperature ﹢28℃. A comparison between the in-focus image and the decoded image also proves that our wavefront coding infrared imaging system can achieve a decoded image approximating to an in-focus infrared image. In Fig.5 , a high-temperature comparison between the corresponding in-focus image and the corresponding decoded image further validates that the wavefront coding infrared imaging system can achieve the decoded image approximating to its corresponding in-focus infrared image.
CONCLUSIONS
The previous experiment by Chen [9] showed that the image quality of decoded images from a wavefront coding infrared imaging system fell behind that of the corresponding infrared image from a conventional infrared imaging system. Compared with Chen's result, a similar experiment conducted by means of our wavefront coding infrared imaging system proves that a wavefront coding infrared imaging system can achieve the decoded image approximating to its corresponding in-focus infrared images, even at a high temperature of ﹢70℃.
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